Abstract In this work a series of cobalt spinel catalysts was synthesized by different methods and doped with 1 wt% of palladium via incipient wetness impregnation or solution combustion synthesis (SCS). Both undoped and Pd-doped spinels were characterized from the structural and surface point of view (XRD, XRF, lRS, BET, FESEM) and tested toward the oxidation of methane in lean conditions, in gas mixtures containing from 0.5 to 2 vol% of CH 4 . These methane concentrations are typical of processes involving combustion of CH 4 in lean conditions as the after-treatment of unconverted CH 4 in compressed natural gas-fed vehicle exhausts, or the treatment of fugitive CH 4 from leaks in coal mines. The temperature window for the catalytic activity of the undoped Co 3 O 4 materials spread from 350 to 600°C. The preparation method affected the catalytic activity of undoped Co 3 O 4 , with the best catalytic activity related to the spinel prepared by SCS employing urea. The addition of 1 wt% of Pd lowered the temperature window for the catalytic activity to the range of 250-500°C, with insignificant differences for the various preparation methods. The beneficial effect of Pd-doping was assigned to the enhancement of the reduction of cobalt in the oxide structure.
Introduction
The methane (CH 4 ), carbon monoxide (CO) or volatile organic compounds (VOCs) present at low concentrations are required to be removed from the various exhaust gases. Catalytic combustion of these compounds appears as the most feasible route for the gas cleaning [1] . The flameless combustion is ideal for highly diluted air/fuel streams, as the production of NO x is inhibited by the relatively low reaction temperature [2] . Typical processes involving combustion of CH 4 in lean conditions are the after-treatment of unconverted CH 4 in compressed natural gas-fed vehicle exhausts (ranging from 0.4 to 1 vol%) [3, 4] or the treatment of fugitive CH 4 from leaks in coal mines [5, 6] , from gas transportation facilities such as pipelines and compressor stations [7, 8] , from upstream oil and gas production facilities [9] , and from other anthropogenic sources (ranging from 0.5 to 4 vol%) [10, 11] .
For the catalytic combustion of CH 4 in lean conditions many different catalysts have been studied so far, ranging from noble metals, mainly Pd and/or Pt supported on oxides or mixed oxides [12] [13] [14] [15] , to perovskites [16] [17] [18] , and non-noble oxides [19, 20] . In particular, among non-noble oxides in recent years cobalt oxides attracted great attention thanks to their catalytic properties, useful in many different applications, for example as magnetic materials [21, 22] , electrochemical devices [23, 24] , and various catalytic systems [25] [26] [27] [28] [29] [30] .
Specifically, undoped and doped Co 3 O 4 displays excellent performance towards the catalytic combustion of CH 4 [31] [32] [33] [34] [35] . Recent studies demonstrated that when a high number of structural defects and a great amount of nonstoichiometric oxygen are available the catalytic activity is improved [34, 36, 37] . Moreover, the oxidation-reduction cycle between Co 2? and Co 3? could play a significant role for the catalytic combustion of CH 4 [38, 39] . Thus, studying how different synthesis techniques can influence the properties of the Co 3 O 4 could be of great interest to prepare highly active catalysts.
In this study, a comparative evaluation of Co 3 O 4 and 1 wt% Pd/Co 3 O 4 prepared following different synthesis techniques is proposed. Specifically, the undoped catalysts were prepared by precipitation and solution combustion synthesis (SCS) from two different precursors: urea or glycine. The Pd-doped catalysts were prepared by the incipient wetness impregnation (IWI) of the Co 3 O 4 samples synthesized by precipitation or SCS. Furthermore, Pd-doped catalysts were synthesized also by one-shot SCS, by mixing directly the Pd precursor with the Co 3 O 4 precursors, avoiding thus the IWI step. All of the prepared catalysts were then fully characterized by N 2 -BET, FESEM, XRD, XRF and micro-Raman spectroscopy (l-RS). The activity of synthesized catalysts towards CH 4 combustion in lean conditions was measured by means of a series of temperature programmed oxidations (TPO) considering three different methane feedstocks, 0.5, 1 and 2 vol% respectively, as representative feedstocks of typical processes involving methane combustion.
The IWI method is a commonly used technique for the synthesis of heterogeneous catalysts. The SCS is a technique being investigated so far to create materials with enhanced catalytic properties [2, 40] . It essentially means decomposing a material (typically the nitrate of the precursors leading to the desired final product) in the presence of a reducing agent (typically an organic fuel as glycine or urea) to create new structures with different properties through a redox reaction. The reaction involved in the SCS generates a significant volume of high-purity foamy elements because of the exothermicity of the redox reaction [2] . The relatively high surface area and high purity of the material are of great interest from the catalytic point of view. Preparing different morphologies of cobalt oxide was demonstrated recently as a strategy for improving the catalytic activity [39] . A controllable and selective synthesis method, able to influence the properties of new materials, the catalytic reactivity, the selectivity and the durability is very important from the industrial point of view [41] . The main goal of this study was to evaluate and understand the role of the synthesis method in the development of the catalytic properties of the prepared materials towards the methane combustion in lean conditions. O (C99 % purity) were purchased from SigmaAldrich. Aqueous solutions were prepared using ultrapure water obtained from a Millipore Milli-Q system with a resistivity [18 MX cm. Pure methane, oxygen, and nitrogen gases (purity 99.999 %) were supplied in cylinders provided by SIAD company and used as received.
Catalysts Preparation
Undoped cobalt spinel was synthesized by SCS using glycine or urea as organic fuels and cobalt nitrate [35] , as well as by precipitation method [42] .
For spinels prepared by SCS, a solution containing cobalt nitrate and the organic fuel was prepared, stirred at 120°C to favor the dissolution of the reagents, and placed in an electric oven at 250°C for 20 min. According to the literature, for the optimal SCS spinels' synthesis glycine was added as 25 % of the necessary stoichiometric amount [35] , and urea was added as 84 % of the necessary stoichiometric amount [43] . Obtained spinels by SCS were calcined at 600°C for 4 h in static air. The spinel prepared by precipitation was obtained by a dropwise adding the ammonium carbonate to the solution of cobalt nitrate. Thus obtained precipitate was dried overnight and calcined at 400°C for 2 h and re-calcined at 600°C for 4 h.
Pd-doped catalysts were prepared by depositing Pd on each of the Co 3 O 4 spinels by IWI with palladium nitrate solution at the level of 1 wt%. A final calcination was done in static air for 4 h at 600°C.
Furthermore, Pd/Co 3 O 4 catalysts were synthesized also by one-shot SCS [35] : the necessary amounts of cobalt nitrate and palladium nitrate as precursors and organic fuel (glycine or urea) were dissolved together in aqueous solution at around 120°C and then placed in an electric oven at 250°C for 20 min, following exactly the same procedure used for the preparation of Co 3 O 4 alone. The obtained Pd/Co 3 O 4 catalysts were calcined in static air for 4 h at 600°C.
Physicochemical Characterization
The relative content of cobalt and palladium oxides in the investigated catalysts was determined with the use of Energy-Dispersive XRF spectrometer (Thermo Scientific, ARL QUANT'X). The X-rays of 4-50 kV (1 kV step) with the beam size of 1 mm were generated with the Rh anode. The detector used was a 3.5 mm Si(Li) drifted crystal with a Peltier cooling (*185 K). For quantitative analysis, the calibration with a series of metallic standards and the UniQuant software were used. The measured catalysts were in the form of discs, 10 mm in diameter, c.a. 1-2 mm in height, prepared by grinding the powder in an agate mortar and pressing under 5 MPa in a hydraulic press. Nitrogen physisorption was performed at -196°C on a Micromeritics ASAP 2020 instrument. Before the measurement, each sample (about 100 mg) was outgassed overnight at 150°C in vacuum (7 Pa). The specific surface area (SSA) was evaluated by the BET method between 0.05 and 0.30 p/p°. The pore diameter distribution was evaluated by the Barrett-Joyner-Halenda (BJH) method, calibrated for cylindrical pores according to the improved Kruk-Jaroniec-Sayari (KJS) method, with the corrected form of the Kelvin equation, from the desorption branches of the isotherms.
Field-emission scanning electron microscopy (FESEM JEOL-JSM-6700F instrument) was performed to analyze the morphology of the spinels with and without Pd.
X-ray diffraction (XRD) patterns were collected using a Philips X-Pert MPD X-ray diffractometer equipped with a Cu K a radiation at 40 kV and 30 mA to verify the effective composition of the sample and derive a qualitative indication of the presence of comparatively large noble metal crystallite from its eventually visible peaks. All powder samples were scanned over the 2h range 20°-70°over 1 h. The peaks were assigned according to the PCPFWIN database.
Raman spectroscopy was performed on a Renishaw InVia spectrometer equipped with a Leica DMLM confocal microscope and a CCD detector, with excitation wavelengths of 785 and 514 nm. The Raman scattered light was collected in the spectral range 100-1000 cm -1 . At least ten scans were accumulated to ensure a sufficient signal-tonoise ratio.
Catalytic Tests
The catalytic activity towards CH 4 oxidation (temperature programmed oxidation, TPO) of the investigated catalysts was tested in a lab-scale fixed-bed microreactor (U-shape quartz tube with 4 mm ID) containing 0.1 g (0.4-0.6 mm in size obtained by disks of catalysts pressed at 5 MPa, grinded and sieved), of catalyst mixed with 0.9 g of SiO 2 (0.2-0.7 mm in size, to prevent the catalytic bed clogging), sandwiched between two quartz wool layers. The microreactor, placed into a PID-regulated electrical oven, was fed with 0.1 NL min -1 (equivalent to a weight space hourly velocity WHSV of 60 NL s -1 g cat -1 ) of a gaseous mixture containing 2, 1 or 0.5 vol% CH 4 in N 2 , with an excess of oxygen (k = 8, for all CH 4 inlet concentrations). The micro-reactor temperature was measured by a K-type thermocouple placed inside the catalytic bed. CH 4 -TPO tests were performed by increasing the temperature of the microreactor up to 700°C (50°C min -1 ) in a N 2 stream (0.1 NL min -1 ), then switching the feed to the reactive stream (CH 4 /O 2 /N 2 in the desired amounts) until the CH 4 combustion was complete. When this condition was reached, the oven was allowed to cool naturally. During the oven cooling phase, the reactor outlet dry gas concentrations were measured as a function of the temperature decrease by a continuous ABB analyzer (equipped with a NDIR module Uras 14 for CO/CO 2 /CH 4 , and with a paramagnetic module Magnos 106 for O 2 ). Sigma-shaped curves were obtained by plotting the CH 4 conversion versus temperature. Each catalyst was tested first by flowing the mixture containing 2 % of CH 4 , after 1, 0.5, and 2 % again, to verify the absence of any decay in activity or ageing effect due to the high temperature of exposure. All tests were repeated at least three times to assure repeatability (average 12 h of use for each catalyst): the values reported on all graphs represent the average value of the various tests, with the carbon balance close within ±3 % for all measurements. The light-off temperature (T 10 ) and the half-conversion temperature (T 50 ) were regarded as indexes of the catalytic activity of each investigated catalyst.
Results and Discussion
The XRD patterns of investigated catalysts are shown in Fig. 1 . The X-ray diffraction lines characteristic of the cubic cobalt spinel structure were indexed within the Fd3m space group (JCPDS card no. 01-080-1533). The diffractograms confirmed the presence of spinel structure in all Co 3 O 4 samples, no matter with which method it was obtained. Moreover, the spinel structure was preserved after Pd deposition, with diffractograms revealing no structural changes compared to the pure Co 3 O 4 carriers, nor diffraction peaks related to Pd or PdO.
The Raman spectra, registered with an excitation wavelength of 785 nm, confirmed the spinel structure of the cobalt oxide catalysts prepared by both, SCS and precipitation methods (Fig. 2) . Five characteristic Raman peaks presented in the Fig. 2 correspond to the E g , 3F 2g and A 1g vibration modes of the crystalline Co 3 O 4 (m 1 = 198 (F 2g ), m 2 = 486 (E g ), m 3 = 525 (F 2g ), m 4 = 624 (F 2g ), m 5 = 695 cm -1 (A 1g )), as discussed in more detail elsewhere [44, 45] . The structural changes of the spinel structure would manifest in an increased asymmetry of the A 1g band as evidenced for Mg and Al substituted Co 3 O 4 [28] . This was not observed, so an excitation wavelength of Top Catal (2017) 60:333-341 335 514 nm was also used. With this excitation wavelength, the A 1g band of the Pd-doped Co 3 O 4 can become asymmetrical or even evidently consisting of more than two overlapping peaks. This effect is probably related to the change of cobalt oxidation state [35] . Additionally, in Fig. 3 , which represents the spectra of the Co 3 O 4 samples registered with an excitation wavelength of 514 nm, the asymmetry of the peaks, especially A 1g , is observed for SCS prepared samples. It can be attributed to the presence of reduced forms of cobalt oxide CoO x [33, 46] . This phenomenon is not visible for the samples obtained via precipitation method, showing the influence of transient conditions of the synthesis during combustion on the oxidation state of cobalt.
For the samples doped with palladium, a strong asymmetry of the peak A 1g is present for all Pd/Co 3 O 4 samples (Fig. 3) . The asymmetry can be presented as a ratio of the areas of the low and high wavelength parts of the A 1g band, n ( Table 1 ). The increase in the low wavelength part of the peak upon palladium doping leads to the visible split of this band, also in the case of 1 %Pd/Co 3 O 4 precipitation sample. Since the observed rise of the n is related to the Fig. 1 a XRD more pronounced presence of CoO x , the reduction of cobalt oxide caused by Pd deposition is observed, showing a strong interaction between palladium and cobalt spinel support. The exact values of n appear to be of lesser importance, indicating that more factors influence the catalytic activity. The A 1g band is related to the vibrations of the octahedral units occupied by the Co 3? cations. The splitting is therefore induced by the changes in the local environment of the oxygen ions at the corners of the octahedra. In the simplest model, they can be brought about either by reducing the oxidation state of cobalt to Co 2? or by removal of cobalt and creating a cationic vacancy. In either scenario, the defect concentration increases along with non-stoichiometry of the cobalt spinel.
The results of the elemental composition analysis performed with XRF for the IWI samples (1 %Pd/Co 3 O 4 SCS glycine, 1 %Pd/Co 3 O 4 SCS urea, and 1 %Pd/Co 3 O 4 precipitation) are summarized in Table 1 . It can be concluded that the obtained loading of palladium was lower that presumed, however, similar for all samples.
The morphology of the undoped and Pd-doped spinels is shown in Figs. 4 and 5 . For the undoped spinels, FESEM images point out typical clusters of nanocrystals with the characteristic rhombicuboctahedral shapes, with the prevailing of (100) and (111) planes [47] . Specifically, the spinel prepared by precipitation comprises of the highest amount of the nanocrystals with dimensions below 20-30 nm, which is in agreement with the higher BET specific surface area displayed (31 m 2 g -1 , Table 1 ). In contrast, the two spinel samples prepared by SCS show clusters of bigger dimensions, compatible with lower values of BET specific surface area. Comparing the two spinel samples prepared by SCS, the spinel from glycine appears more sintered, with crystals edges not so clearly defined as for the spinel from urea (Fig. 4) . Both samples were prepared with the organic fuel in sub-stoichiometric conditions, with different fuel-to-oxidizer ratio. Depending on the fuel used, in fact, the adiabatic effect can vary, as well as the nature of the combustion-flaming or smoldering (non-flaming) [2] . This could account for the slightly different morphology: on one side, more fuel implied more reducing atmosphere during the SCS synthesis. On the other hand, glycine, a more complex molecule compared to urea, provides more enthalpy per unit of reacting mass [2] . This would imply a higher temperature peak reached during the combustion synthesis process when glycine is used, explaining why the spinel made from glycine appears more sintered. For Pd-doped spinel samples (Fig. 5) , the basic Co 3 O 4 nanocrystals with the characteristic rhombicuboctahedral shapes are maintained, independent of the synthesis method (SCS plus IWI or one-shot SCS), and of the organic fuel used. Specifically, for the samples prepared by SCS plus IWI, lighter spots of PdO homogeneously distributed are visible on the surface of the spinel nanocrystal. On the contrary, the one-shot SCS synthesis resulted in palladium oxide incorporated at atomic level into the spinel bulk structure, thus, no PdO spots are visible on the surface [35] . For Pd-doped spinel catalysts, the final BET specific surface area was almost the same for all samples. According to BJH measurements, all catalysts were roughly non-porous, in agreement with FESEM images.
The comparison of the catalytic activity in methane oxidation reaction (conversion vs. temperature) of the prepared catalysts is shown in Fig. 6 , for different CH 4 inlet concentrations: 0.5, 1.0 and 2.0 vol%. The only products formed during the combustion were water (removed prior entering the analyzer in a condenser settled at 3°C), and carbon dioxide. No carbon monoxide was detected in the reactor effluent mixture, in accordance with the high inlet working lambda value. The final combustion tests repeated with 2 vol% inlet CH 4 provided the same results of the first series with 2 vol%, a sign that the behavior of the catalysts was stable for the whole time of testing with different concentrations (approximately 12 h of time on stream).
From the presented results it can be seen that cobalt oxide prepared via combustion synthesis using urea as a fuel exhibits the highest activity. On the other hand, the Table 1 , the Co 3 O 4 SCS glycine has the lowest specific surface area, while it is also more active than the Co 3 O 4 precipitation one. Therefore, the observed effect of synthesis method on the catalytic activity of cobalt oxide seems to be related with its redox state, as discussed above. The promoting effect of Pd-doping on Co 3 O 4 activity was observed for all the investigated samples, similarly to our previous work [35] . From Fig. 6 , it can be noticed that introducing palladium enhances the reactivity of the cobalt catalyst independently on the applied synthesis method, at any CH 4 inlet concentration. Moreover, introducing 1 wt% of Pd on each investigated Co 3 O 4 sample leads to almost the same activity. It was shown in Figs. 4 and 5 that the investigated samples present different morphologies. It can be thus concluded that it is rather a chemical modification of Co 3 O 4 due to palladium doping than the nanostructure which determines its reactivity in methane oxidation. The beneficial effect of palladium deposition on the cobalt oxide can be discussed in terms of cobalt oxide reduction increase revealed by Raman spectroscopy studies.
Considering that methane is a highly stable molecule, it is known that the lower the concentration, the more difficult is its removal from the reactive mixture. This is visible from Fig. 6 : by lowering the inlet methane concentrations, T 10 and T 50 shifted to slightly higher values, for all doped and undoped catalysts. Moreover, careful inspection of Fig. 6 shows that the undoped spinel that performed better (that is, the one produced by SCS with urea, green full curves), gained less as Pd-doped spinel, whereas the better catalytic activities of the Pd-doped spinels (that is, 1 %Pd/Co 3 O 4 SCS glycine_OS and 1 %Pd/Co 3 O 4 prec IWI) belonged to these catalysts of which the starting undoped spinels performed in a worse way. This means that the promotional effect of Pd addition is more evident where methane combustion is less effective, that is, for Co 3 O 4 SCS glycine_OS and Co 3 O 4 prec IWI catalysts. Furthermore, considering that the most demanding combustion reaction is for the gas mixture containing 0.5 vol% as methane inlet, we consider the 1 %Pd/Co 3 O 4 SCS glycine_OS catalyst as the most interesting catalyst. Therefore, it can be concluded that one shot synthesis using glycine as a fuel provides the best Pd-doped cobalt oxide catalyst.
Conclusions
Undoped and 1 wt% Pd-doped cobalt spinel catalysts were synthesized via precipitation and solution combustion synthesis (SCS) using urea or glycine as precursors, whereas palladium was introduced by incipient wetness impregnation (IWI) or directly during the one-shot synthesis. The catalytic testing toward the lean oxidation of methane, in gas mixtures containing from 0.5 to 2 vol% of CH 4 revealed that the synthesis method influenced the performance, indicating the sample prepared via SCS with urea as the most active one. The addition of Pd improved the catalytic performance of all catalysts independently on the applied synthesis method, at any CH 4 inlet concentration, leading to almost the same catalytic activity level. Physical characterization of the catalysts revealed that the beneficial effect of palladium deposition on the cobalt oxide can be linked to a more reduced state of the cobalt oxide. It can be also concluded that the presence of welldefined facets of Co 3 O 4 nanocrystals is also beneficial for its catalytic activity.
